ABSTRACT Dense heterogeneous network serves as one of the most promising technologies for the upcoming 5G network. However, with a larger number of densely deployed small cells, the problem of co-channel interference and power consumption of 5G small cell base stations (also known as S-gNBs) becomes more severe. In order to improve the power efficiency and alleviate the co-channel interference, S-gNBs in the network need to be dynamically switched on or off via appropriate criteria or strategies. This paper proposes an interference contribution rate (ICR) based small cell on/off switching algorithm. With the incorporation of network adjacency matrix (NAM), the proposed algorithm circumvents the complicated computation of the ICRs of the S-gNBs in the network and hence yields less computational complexity. In addition, the proposed algorithm identifies the S-gNBs that need to be switched on or off based on the NAM and the serving signal strength measurements of user equipment's and therefore involves less signaling information in the procedure of switching on/off decision. Simulation results verify that the proposed algorithm effectively diminishes the co-channel interference among the small cells, ameliorates the network power efficiency and total data rate, and meanwhile maintains a lower traffic loss in the network.
I. INTRODUCTION
With the explosive growth of mobile data applications and services in recent years, mobile communications are facing greater challenges than ever before in increasing the network capacity, boosting the data rate, and enhancing the energy efficiency, and hence imposing tremendous pressure on the existing mobile communication networks. To meet the fast-growing demand of mobile services, the fifth generation (5G) of mobile communication has become a hot topic in academia and industry. Many new solutions and technologies have emerged, such as massive MIMO, millimeter wave (mmWave), and dense cellular HetNet [1] - [3] . Massive MIMO technology effectively raises the transmission rate and spectrum efficiency through space multiplexing. A large number of under-utilized mmWave frequency bands provide potential gigahertz transmission bandwidth. Different from massive MIMO and mmWave whose benefits mainly come from the physical layer, the HetNet with densely deployed small cells significantly helps increase the system capacity and mobile data rates over the network layer. In the hot spots area, in order to effectuate seamless coverage and sufficient network capacity, intensively deploying a large number of S-gNBs straightforwardly becomes an efficacious method, i.e. deploying a large number of low power small cell facilities, such as micro base stations, Femto cells, Pico cells or relay nodes, achieves load diversion and improves the network capacity [4] , [5] .
Although the HetNet with dense small cell deployment exhibits the above advantages, it introduces a number of problems and technical challenges, such as serious co-frequency interference among small cells [6] , S-gNBs' unnecessarily huge power consumption [7] , tedious collaborative operations of small cells [8] and etc. In [9] , the transitional behaviors from noise-limited regime to dense interferencelimited regime in dense small cell networks are revealed and the factors that affect the performance trend are analyzed in detail. In the actual network, the number of UEs to be served by the small cells is varying with time. When only a few UEs in the network are active, a large number of small cells may have less or even no traffic load in their cover-age area [10] . Meanwhile, if all the S-gNBs in the network are fully active all the time, a large amount of S-gNBs' power is therefore wasted, resulting in a sharp drop in their power efficiency, and unfortunately at the same time causing serious interference among the small cells [11] . In order to heighten power efficiency of the S-gNBs and reduce the co-frequency interference among the small cells, small cell on/off switching technology is under concern. According to [12] , the macro-cell base stations and the S-gNBs are different in their power consumptions with different traffic loads. The power consumption of macro-cell base stations increases exponentially with its traffic load in terms of the number of UEs served, given that each UE has a constant data rate requirement [13] , while the S-gNBs power consumption is almost independent of its load and even constant for any load [14] , [15] . Consequently, the small cell on/off switching technology helps save a lot of S-gNBs' power and reduce cochannel interference among the small cells under the premise of ensuring the stability of the system throughput [16] , [17] . In small cell on/off switching mechanism, the S-gNBs have two operation modes, i.e. active/sleep (On/Off) mode. In the sleep mode, the S-gNBs enter a dormant state and only periodically send cell discovery signals (DS) for the purpose of potential UE access.
Existing literature has investigated the challenges of ameliorating S-gNBs' power efficiency under various scenarios. In [18] , a unified framework, in which the user association strategies based on the maximum instantaneous received power and the maximum average received power can be studied, assuming log-normal shadowing, rayleigh fading and incorporating probabilistic non-line-of-sight (NLoS) and line-of-sight (LoS) transmissions. In [19] and [20] , a loadaware small cell on/off switching algorithm is proposed, in which the network controller determines whether a small cell should enter the sleep state according to its load factor. When the traffic load in the nearby small cells is increasing, the network controller will send a command to the last closed small cell, and ask it to enter the active state again. Although the algorithm can lessen the power consumption of S-gNBs, there still exists a problem of measurement inaccuracy. For example, when the load comes from another small cell in off state instead of from the last closed small cell, turning on the last closed small cell is obviously not the best option. With the same idea, a distance-awareness basestation on/off switching scheme is proposed in [21] . Firstly, each S-gNB estimates its distances to their surrounding UEs. Then, the average distance value for each small cell are calculated and arranged in descending order. Finally, if resources available to the neighboring small cell can satisfy the UE requirements in its coverage, turning off the small cell with the largest average distance would be a highly reasonable option and it may only cause a tolerable QoS degradation. Since the scheme needs to calculate the distances from all UEs to each S-gNB, the signaling overhead is apparently large, and chances are that the benefit of small cell on/off switching may not be noticeable. In [22] , a small cell on/off switching algorithm on the basis of power-awareness is proposed. The S-gNBs determines whether to turn off one or several S-gNBs according to the amount of power consumption required for supporting UE communication. Specifically, the power consumption values corresponding to the S-gNBs are arranged in descending order, and the ones with larger power consumption are preferred to be turned off. However, the scheme only considers the power consumption of the S-gNBs for signal transmission, ignoring the system traffic load loss caused by small cells that are switched off unnecessarily. Furthermore, since the measurement of power consumption is greatly affected by the radio environment, it is difficult to obtain accurate measure in real time. These factors limit the effectiveness of the algorithms. Different from the above methods, Samarakoon et al. [23] proposed dynamic clustering based on/off switching strategies, where the small cell on/off control operation is divided into two steps. In the first step, the cooperation and clustering of the small cells is performed, in which the small cells are partitioned into small cell clusters by certain means. Then, the small cell on/off switching algorithm is carried out in each cluster in the second step. The scheme achieves an on/off switching strategy that maximizes the power efficiency of the S-gNBs based on the energy loss equations for the small cell clusters under some constraints. However, this scheme encounters an NP hard problem for which seeking the optimal solution would trigger a complicated process and result in heavy signaling overhead, and the small cell on/off switching operations might be unnecessarily over-frequent.
With an aim to enhance the power efficiency of S-gNBs and mitigate the co-frequency interference among the small cells with less signaling overheads and measurement processes, a centralized small cell on/off switching algorithm based on interference contribution ratio (ICR) is proposed in this paper. In the proposed algorithm, each UE in the network periodically reports the RSRP (reference signal received power) and cell ID of its serving S-gNB to the central controller (or some specific macro basestation). 1 The central controller evaluates the total traffic volume of each S-gNB and the number of UEs it serves, based on the information collected from the UEs. At the same time, the central controller also calculates the interference strength generated by each S-gNB to its neighboring small cells according to the total number of UEs served in each small cell and the network adjacency matrix (NAM). Then, the decision and operation of small cell on/off switching are performed according to the ICR of each small cell and the distribution of traffic load in the network. Simulation results illustrate that the proposed algorithm greatly increases the power efficiency of the S-gNBs and lowers the amount of traffic load loss resulted from the dormant small cells. 1 It is generally assumed in this paper that the central controller is a functional entity in the heterogeneous network where the macro basestation(s) may spontaneously serve as the central controller(s) to fulfill the purpose of small cell on/off switching control. The central controller and the S-gNBs are also assumed to be able to exchange information over the X2 or Xn interface.
A. CONTRIBUTION
The main contributions of this paper are summarized as follows:
• Definition of ICR. In the HetNets, we define the ICR of each small cell and design it as a critical triggering parameter of on/off switching to effectively initiate small cell switching operations. For a specific small cell, the RSRP sum of all active UEs is defined as its target signal strength, and the RSRP sum of other non-serving UEs in the network is defined as its interference strength. Then, the ratio of the interference signal strength to the target signal strength is regarded as a simple definition of ICR in this paper. In order to prevent a large number of UEs from handover operations caused by small cell on/off switching, we refine the definition of ICR.
In the new method of ICR calculation, the ICR of a small cell decreases as the number of UEs it is serving increases.
• Calculation of interference strength for small cells.
With an aim to obtain the ICR value of each small cell, each UE in the network needs to measure the RSRP values corresponding to all the other small cells in addition to its own serving small cell. In order to simplify the calculation of ICR and decrease the amount of UE's measurements reported to the central controller, the concept of NAM is proposed and designed in this paper. We can calculate the ICR of each small cell in the network in a quick and simple way according to the NAM and the information reported form the UEs. For the refined ICR calculation, each UE only needs to feed back the RSRP value and cell ID of its serving small cell. In other words, the central controller will no longer unnecessarily demand that each UE reports the RSRP values and cell IDs of all its non-serving small cells, and therefore tremendously reduces the amount of information feedback.
• ICR based small cell on/off algorithm. In order to effectually perform small cell on/off switching, an ICR based on/off switching algorithm is designed and a dynamic small cell ICR threshold is defined in this paper. Specifically, in each on/off switching cycle, the small cell subset, suppose it is denoted by A, that needs to be turned on or off within the current switching cycle is obtained according to the condition of traffic load in each small cell. An iterative decision process is proposed for each small cell in subset A. Firstly, in each iteration, the ICR value of each small cell in subset A and the small cell ICR threshold value of current iteration are calculated by using the NAM and the measurements of UEs. Then, the maximum ICR value of small cell in A is compared with the ICR threshold in current iteration. If the condition is satisfied, the S-gNB corresponding to the maximum ICR value will be turned off; otherwise, the current iteration process stops and the next iteration begins. After all the iterations are completed, the subset of small cells that should be switched on and the subset of the ones that should be turned off within the current switching period can be obtained respectively. The rest of the paper is organized as follows. The system model and the problem formulation are presented in Section II and the ICR based small cells on/off switching algorithm is given in Section III. Section IV provides simulation results and conclusions are drawn in Section V.
II. SYSTEM MODEL
In this section, the network scenario, power consumption model for S-gNBs, and the problem formulation are presented. 
A. NETWORK MODEL
We consider a dense heterogeneous network where the mechanism of small cell on/off switching is employed, as shown in Figure 1 . In the network, the S-gNBs (or small cells) are denoted by a set S = {b 1 , b 2 , · · · , b M }, which satisfies that S 0 = M ( . 0 indicates the set cardinality), 2 and the positions of S-gNBs are subject to Poisson's point distribution within the macro-cell coverage area. The macro cell set is and satisfies: 0 = N . In the network, the macro cells occupy the low frequency band (< 2.5GHz) and provide wide area coverage and UE location tracking, whereas the small cells operate in high frequency band (> 3.5GHz) to achieve stable high-speed data transmission and increase the network capacity. The UE set in the network can be expressed as following:
where L is the total number of UEs in the network. Assuming that the subset of UEs served by S-gNB b i is U b i , we also obtain the total number of UEs in the network as
It is assumed that each UE is equipped with a single antenna. In the network, the small cells and the macro cells establish connections and maintain information exchange (including UE location, mobility, traffic load, and etc.) through an X2 air interface [24] . The S-gNBs are responsible for collecting relevant measurements and information from the UEs in the network and sharing them with the central controller. The central controller obtains the decision on small cell on/off switching by processing the measurements and information reported from the UEs and controls the on/off switching operations of each S-gNB.
Denote v b i , b i ∈ S as the indicators corresponding to the S-gNBs' on/off status, i.e., v b i = 1 indicates that S-gNB b i is on, and v b i = 0 means that S-gNB b i is off. Accordingly, we define the indicator set as
If UE k l is connected to S-gNB b i , the service data rate λ b i ,k l obtained by UE k l from S-gNB b i can be calculated, according to the Shannon formula, as:
where B k l is the bandwidth allocated by S-gNB b i for UE k l , ϒ b i ,k l is the signal to interference plus noise ratio (SINR) of UE k l , which is defined in [25] as:
where G b i ,k l is the channel gain from S-gNB b i to UE k l including the path loss and shadowing effects, P b i is the transmission power of S-gNB b i , and N 0 is the noise power spectral density. In order to guarantee the QoS of UEs at a certain moment, S-gNB b i needs to allocate a certain amount of time-frequency resource to its UEs according to the data rate requirement of the UEs connected to itself. Accordingly, the system load of S-gNB b i can be defined as in [26] as:
where
min is the minimum data rate requirement of UE k l , B RB denotes the RB (resource block) bandwidth (e.g., 180KHz), L k l ,b i denotes the number of occupied RBs when UE k l is associated with S-gNB b i (i.e. the number of time-frequency resource blocks needed to satisfy the lowest bit rate of UE k l ), λ * b i ,k l is the service rate of UE k l from S-gNB b i on one RB, k l ∈ U b i indicates that UE k l is served by S-gNB b i , and · stands for the ceil operator.
According to the above analysis, the total load of S-gNB b i can be expressed as the total number of RBs required by all the UEs served by itself. Consequently, Eq. (3) can be expressed as:
and the total data rate of S-gNB b i can be calculated as:
It is assumed in addition that the macro cells are always active to maintain wide area coverage and track the UEs in the network, and the S-gNBs will perform on/off switching operations. Therefore, the S-gNBs have two operation modes, namely On and Off. Since the macro base stations are always on, we only consider the power consumption of the S-gNBs in this paper. The literature [26] , [27] illustrate that the power consumption corresponding to S-gNB b i can be divided into two parts: basic power P on can be expressed as:
where η is the efficiency of the basestation power amplifier, δ is the slope of the load-dependent power consumption of the S-gNBs, and P max and B b i denote the maximum transmission power and maximum number of RBs for S-gNB b i , respectively. When S-gNB b i is off, the transmit power consumption can be ignored, and the corresponding power consumption can be reduced to P off = ρP on b i
, 0 < ρ < 1. Hence, the power consumption profile of S-gNB b i can be modeled as:
where α b i denotes the power consumption coefficient for feeders and power amplifier of S-gNB b i . Based on the above analysis, we simplify this problem to the one of network power efficiency maximization by jointly optimizing the network accessing procedure and the S-gNBs on/off switching (i.e., determining the S-gNBs on/off indicator set V). We formulate the S-gNBs power minimization problem as in [25] as
where the minimization of the total power consumption of all the S-gNBs in the network is actually a combination problem. In other words, the selection (or identification) of suitable S-gNBs among all the small cells to be switched on or off is a combination problem that enables the whole network to consume the minimum power but it essentially requires extremely high computational complexity in exhaustive combinational search for the optimal solution.
III. SMALL CELLS ON/OFF ALGORITHM BASED ON ICR
In order to lessen the co-channel interference between small cells and ameliorate the power efficiency of S-gNBs, a small cell on/off switching algorithm based on ICR is proposed. Firstly, the ICRs of small cells in each switching cycle are calculated by using the NAM and the UEs' RSRP values of their serving S-gNBs, and then the decision on small cells to be switched on or off within the current switching cycle is obtained. The algorithm considers the small cells' traffic load, the UE QoS, and the inter-cell interference simultaneously. Compared with the existing on/off switching algorithms based on the traffic load of small cells, the proposed algorithm can effectively improve the power efficiency of SgNBs, restrain the interference among small cells and escalate the throughput of the network with less overhead, while the traffic load loss resulted from small cell off-switching operations remains at a very low level. 
A. ICR DEFINITION
This section gives the physical definitions for the target signal strength R b i and the interference signal strength R b i of S-gNB b i , respectively. As shown in Figure 2 , it is assumed that the network is composed of two small cells, i.e. S-gNB b 1 and b 2 . We define R b 1 as the sum of received signal strengths (i.e. RSRP) of all the UEs served by S-gNB b 1 . The sum of received signal strengths of S-gNB b 1 for its non-served UEs (i.e. UEs served by S-gNB b 2 ) indicates the value of R b 1 . Accordingly, the target signal strength of S-gNB b i can be generally defined as
where b i ,k l is the receive signal strength of UE k l from S-gNB b i . Similarly, the R b i of S-gNB b i can be defined as:
where A \ B means to delete the elements belonging to set B in set A.
From the above analysis, the ICR corresponding to S-gNB b i is defined as b i , which can be calculated as:
In order to prevent a large number of UEs from performing handover caused by small cell on/off switching, the calculation formula for the ICR of S-gNB b i is amended as:
is the correction factor. It can be seen from Eq. (17) that if the number of UEs served by S-gNB b i is getting large, the smaller the value of b i will be calculated via Eq. (17) , and the probability that S-gNB b i is turned off is accordingly lower.
B. CALCULATION OF INTERFERENCE STRENGTH VALUES FOR SMALL CELLS
From Eq. (14) and (15), for the purpose of obtaining the interference signal strength of each S-gNB, each UE in the network needs to measure the RSRP values corresponding to all the S-gNBs except its own serving S-gNB. This unfortunately gives rise to a very large amount of power consumption of the UEs, and therefore increases the computational delay on the UE side and reduces the timeliness of small cell switching operations as well. Moreover, in each switching cycle, each UE needs to report a large amount of measurement results to its serving S-gNB and the central controller, which undoubtedly increases the amount of UE feedback information and consumes a large amount of time-frequency resources. For this reason, we adopt an approximate calculation method, as shown in Figure 3 . Assuming that there are two S-gNBs in the network, in which S-gNB b 1 serves two UEs, S-gNB b 2 serves four UEs, and all UEs are randomly distributed. According to the approximation principle, the total interference signal strength generated by S-gNB b 1 to the UEs served by b 2 can be expressed as: 
In order to further simplify the calculation of ICR, we incorporate the NAM concept, as shown in Figure 4 . It is assumed that there are five S-gNBs, namely A, B, C, D, and E in the network, where n A is the number of UEs served by S-gNB A, and G AB is the channel gain between S-gNB A and B. Based on the graph theory, the corresponding adjacency matrix of the graph (in this paper, this matrix is defined as the network adjacency matrix) can be written as:
where H 0 is the NAM of the network shown in Figure 4 . Then, the total interference signal strength vector of the five S-gNBs can be given by
where the vector R 0 is formed by the interference signal strength values of S-gNB A, B, C, D, and E, P 0 is a diagonal matrix formed by the transmit powers corresponding to S-gNB A, B, C, D, and E, From the above analysis, the interference signal strength of each S-gNB to other active small cells in the network can be generally expressed as:
where R represents a vector formed by the interference strength value of each small cell in the network, H is the NAM, n = [n b 1 , n b 2 , · · · , n b M ] T denotes a vector formed by the number of active UEs in each small cell, n b i is the number of UEs served by S-gNB b i , and P represents a diagonal matrix formed by the transmit power of each S-gNB in the network. Setting P b 1 = P b 2 = · · · = P b M = P t , we can rewrite Eq. (23) in a more simplified form as
Since the geographical positions of all the S-gNBs are generally fixed in practical network, the channel gains between the S-gNBs can be considered to be constant or less volatile. Furthermore, for a heterogeneous network, once the S-gNBs are readily deployed, we can consider its corresponding NAM is determined accordingly. Therefore, once the network topology is given, the NAM can be measured in the off-line phase in advance and stored in the central controller. When the central controller performs small cell on/off switching operations, active UEs in the network only need to report their serving small cell IDs and the corresponding RSRP values.
C. DEFINITION OF DYNAMIC ICR THRESHOLD
In order to effectively obtain the decisions of small cells to be switched on or off, we define a dynamic ICR threshold calculated as: (28) where G b i is the channel gain from S-gNB b i to its coverage edge, and S on is the set of active S-gNBs in the network. By Eq. (28), we can easily calculate the ICR threshold under current network conditions. Within the small cell on/off switching cycle, by comparing the ICR value of a given S-gNB, that may need on/off switching operation, with the threshold value th , the small cell on/off switching decision can be obtained. A simple network including three small cells is given as an example to describe Eq. (28) . As shown in Figure 5 
Similarly, the ICR value b 2 and b 3 corresponding to S-gNB b 2 and b 3 can be calculated respectively. Then, averaging the ICR values corresponding to small cells b 1 , b 2 and b 3 , we can obtain the ICR threshold of the current network as
.
D. ICR BASED SMALL CELL ON/OFF ALGORITHM
It is apparently reasonable to assume that the NAM of a certain network has been obtained and saved to the central controller in advance. The UEs in the network are supposed to be equipped with dual-link capability. In other words, each UE establishes connections with its serving S-gNB and the central controller at the same time. 3 In the network, each UE periodically reports the routine data including the RSRP of its serving S-gNB and the corresponding cell ID to the central controller. During a certain switching period, when a S-gNB is in the off state, UEs in the proximity may determine whether there is a serving S-gNB by performing small cell discovery and RSRP measurement with the small cell discovery signal broadcast by the dormant S-gNB. Specifically, the timing of on/off switching process is shown in Figure 6 . We assume that the RSRP values of UEs served by S-gNB b i are saved in the vector r b i , and the vector n is composed of the number of UEs being served in each small cell. In the proposed algorithm, within the γ th switching cycle, S-gNB b i must be switched on for the following two cases:
is traffic load of b i in the γ th switching cycle, and L th is the traffic load threshold.
• The vector r According to the above analysis, the specific steps of the proposed ICR-based small cell switching on/off algorithm are as follows:
Step 1: During the γ th small cell switching cycle, the central controller first obtains the set S γ act containing the S-gNBs that must be turned on and the set S 
where the value of r th is set as 10 * P t G b i in this paper. The value of r th can be adjusted according to the practically allowed tolerance of traffic loss caused by the S-gNB switching-off operations in the network. Furthermore, we can obtain the subset S γ D = S \ (S γ act ∪ S γ off ) consisting of S-gNBs that will be decided whether to perform the on/off switching operation or not. The specific algorithm flow is given in Algorithm 1.
Step 2: Use Eq. (14) to calculate the target signal strength of each S-gNB in the small cell subset S 
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where S γ on is composed of S-gNBs whose status is ''on'' in the γ th small cell switching cycle, R γ is the vector formed Step 4: The ICR value corresponding to each S-gNB in the subset S γ D is calculated by Eq. (36), (37) and (38) in current qth iteration: 
update: n γ ; 
Finally, the algorithm returns to Step 3 to further handle the rest S-gNBs; otherwise, it just exits the on/off switching decision iteration. In this way, the small cell subset S γ off and S γ on can be obtained. Details of the ICR based on/off switching algorithm are given in Algorithm 2.
In the γ th switching cycle, small cell switching operations are performed according to the obtained S-gNB subsets S γ on and S γ off . To be more specific, for the S-gNBs in the subset S γ on , the original state of a S-gNB will be maintained if its state is ''on'' in the (γ −1)th switching cycle; otherwise, the S-gNB will be activated from the previous ''off'' state. Similarly, for the S-gNBs in the subset S γ off , the original state of a S-gNB is maintained if its state is ''off'' in the (γ −1)th switching cycle; otherwise, it needs to be switched off. The entire flowchart of the proposed algorithm is illustrated in Figure 7 .
IV. SIMULATION AND ANALYSIS A. SIMULATION SETTING AND PARAMETERS
To verify the proposed small cell on/off switching algorithm, a dense heterogeneous network composed of three macro cells (|| || 0 = 3) and 250 small cells ( S 0 = 250) is considered. All small cells are located within the coverage area of the macro cells, and the locations of the S-gNBs are subject to the Poisson point distribution. In order to guarantee the network coverage area is not varying, it is assumed that the macro base stations are always powered on. The UEs in the network are distributed randomly. The path-loss models used in simulation are [28] :
where Eq. (41) corresponds to distance dependent path loss from Macro base stations to UEs and Eq. (42) corresponds to that from S-gNBs to UEs. Hereby R is the distance between the transmitter and receiver in kilometers. Detailed simulation parameters are the same as [25] and [29] and given in Table 1 . 
B. SCHEMES UNDER COMPARISON
To facilitate comparison and analysis, we make the following scheme notations:
• Conventional scheme: All S-gNBs remain active in the network without incorporating on/off switching mechanism.
• Random On/Off scheme: During each small cell switching on/off cycle, the central controller randomly selects and determines a certain percentage of small cells to be turned off and the other small cells remain active.
• Traffic evaluation based on/off scheme: In each switching cycle, the system determines a specific set of small cells with smaller traffic load in the network and performs small cell switching-off operation over the small cells in the set. The rest small cells are kept active.
• ICR based On/Off algorithm (the proposed scheme):
The S-gNBs perform on/off switching operations based on the ICR and traffic load condition of the small cells.
In each switching cycle, each UE in the network periodically reports the RSRP and cell ID of its serving S-gNB to the central controller. The total traffic load of each small cell can be obtained according to the information collected from the UEs being served within that small cell. Meanwhile, the ICR value of each small cell is calculated via the number of UEs served by itself and the network adjacency matrix. With the ICR value of each small cell and traffic load distribution, the small cell on/off switching algorithm proposed in this paper is performed. Figure 8 shows the relationship between the number of S-gNBs being turned off and the number of UEs in the network. As can be seen from the figure, the number of S-gNBs that can be turned off in the random on/off scheme and the traffic evaluation based on/off scheme is independent of the number of UEs in the network and fixed at a predetermined switching-off ratio. When the number of UEs in the network is kept at a low or middle level, the proposed ICR algorithm is capable of switching off a larger portion of the S-gNBs, compared with the other two schemes with different switching-off ratios. This essentially helps attain higher power efficiency. However, in order to ensure that most UEs can be effectively connected with their appropriate serving S-gNBs when the number of UEs in the network is increasing, the number of S-gNBs that can be turned off decreases significantly for the ICR based On/Off algorithm. The power consumption shown in Figure 9 is defined as the overall power consumed by all the S-gNBs in the network, which is calculated via the S-gNBs power consumption model introduced in Section 2.2. In order to verify the power efficiency of the proposed scheme, we evaluate the S-gNBs power consumption corresponding to the aforementioned four schemes respectively. Since the small cell on/off switching mechanism is incorporated in the network, it can be clearly seen that much more S-gNBs power can be saved in the on/off switching schemes than the conventional scheme. In particular, with the increase of the proportion of the S-gNBs being switched off (for instance from 20% to 30%), the number of S-gNBs that are turned off in corresponding schemes also increased. The power consumption of S-gNBs has thus decreased remarkably in the random on/off scheme and the traffic evaluation based on/off scheme. As the number of UEs increases, the total S-gNBs power consumption in the random on/off scheme and traffic evaluation based on/off scheme increases slightly, due to the increasing power consumption of more connections provided by the S-gNBs in the network. In contrast, for the proposed scheme, the number of S-gNBs that can be turned off will decrease when the UE number is becoming larger, which further results in that the power consumption of S-gNBs is enlarged significantly. In the case of a small number of UEs in the network, since a large number of small cells have been turned off, the proposed scheme has apparently more prominent advantages compared with the other three schemes in saving power consumption of the S-gNBs. The normalized traffic load losses due to small cell on/off switching is given in Figure 10 . The traffic load losses of the random on/off scheme and the traffic evaluation based on/off scheme are obviously much higher than that of the ICR based on/off algorithm, when the allowed maximum ratio of small cells being turned off is 20%, 30% and 40% respectively. As straightforwardly expected, the traffic evaluation based on/off scheme outperforms the random on/off scheme. When the number of UEs increases in the network, the traffic loss of the proposed scheme basically remains at a much lower level, compared with the other two schemes. For the random on/off scheme and traffic evaluation based on/off scheme, the traffic loss of small cells has increased in a relatively sharp manner when the number of UEs increases, and in each switching cycle, the larger the ratio of small cells being switched off is allowed, the more the traffic loss becomes. For the ICR based on/off algorithm, the small cells are turned off according to the traffic loads of S-gNBs and the ICR value of each small cell, which more potentially considers the problem that UEs cannot establish connection with the small cells to be switched off. Therefore, in each switching cycle, the proposed scheme cannot only effectively turn off some S-gNBs, but also ensure that most UEs can effectively establish connections with their appropriate small cells, causing only slight traffic loss. On the contrary, in the random on/off scheme, a certain proportion of S-gNBs are randomly switched off. As the number of UEs in the network increases, due to the fact that their serving S-gNBs may have been turned off already, where probably some UEs cannot successfully handover to or reselect the neighboring small cells, a large traffic loss will undoubtedly occur. As for the traffic evaluation based on/off scheme, it merely considers the amount of traffic load in small cells in a simple way, and hence it is straightforward that when the number of UEs is large, the traffic loss of small cells proportionally rises. Figure 11 illustrates the cumulative distribution function of SINR values of UEs. It can be seen that with different number of UEs, the SINR value of UEs with the proposed algorithm is always higher than that of the conventional scheme, indicating that the proposed algorithm can effectively suppress the inter-cell interference. As the number of UEs increases, in order that most UEs can effectively establish connections with the S-gNBs, the number of small cells satisfying the condition of being turned off decreases in the proposed scheme, and hence the interferences between small cells become more severe. However, in the conventional scheme, since all the S-gNBs in the network are always on, the SINR of UEs does not change with the number of UEs in the network at all and it remains at a low level all the time, compared with the proposed scheme.
C. SIMULATION RESULTS AND ANALYSIS
The relationship between the total network data rate and the number of UEs is shown in Figure 12 . In the ICR based on/off algorithm, the total network data rate is obviously higher than those of the other three schemes. In addition, the traffic evaluation based on/off scheme achieves higher total data rate than the conventional scheme and the random on/off scheme has the lowest total data rate. For the traffic evaluation based on/off scheme and the ICR based on/off algorithm, small cell on/off switching are verified to effectively improve the SINR of UEs in the network. Meanwhile, the reduction of traffic load loss caused by small cell on/off switching is relatively higher than that of the random on/off scheme. Due to the fact that a certain proportion of S-gNBs are switched off periodically in time and randomly among the small cells in VOLUME 6, 2018 the random on/off scheme, the small cell switching on/off operation gives rise to a higher amount of traffic losses and results in a decline in the overall data rate compared with the conventional scheme. Different from the traffic evaluation based on/off scheme, the number of S-gNBs that can be switched off in the proposed scheme in each switching cycle is determined according to the traffic load distribution of the network and the ICR of each small cell. As a result, the performance of the ICR based on/off algorithm is better than that of the other three schemes. In addition, as the number of UEs increases, the proposed scheme has more apparent advantages in terms of reducing the traffic losses than the other three schemes. In Figure 13 , the power efficiency comparison between the four schemes is given. As can be seen, the random on/off scheme, the traffic evaluation based on/off scheme, and the ICR based on/off algorithm can effectively improve the power efficiency of S-gNBs, compared with the conventional scheme. This is due to the fact that, S-gNBs are always on in the conventional scheme, the power consumption of S-gNBs is therefore relatively large and the co-channel interference of the small cells cannot be manipulated. Compared with the other three schemes, the proposed scheme has the best power efficiency performance. Since some S-gNBs necessary to be switched off can be identified effectively and the SINR of UEs' received signal can be improved prominently with smaller traffic load loss, the total network date rate of the proposed scheme is larger than the other three schemes. Although a fixed portion of S-gNBs can be turned off in each cycle of the random on/off scheme and the traffic evaluation based on/off scheme, the traffic load loss caused by small cells being switched off is larger than that of the ICR based on/off algorithm on account that many UEs cannot establish effective connections with some small cells. Moreover, the SINR value of the UEs in the random on/off scheme and the traffic evaluation based on/off scheme is lower than that of the ICR based on/off algorithm, resulting in a decrease of the total system rate and a lower power efficiency of S-gNBs.
In summary, compared with the other three schemes, the proposed algorithm can not only perform small cell on/off switching operations effectively, but also ensure that the loss of traffic load in small cells is maintained at a low level and the co-channel interference among the small cells is suppressed to some extent. In addition, in each switching cycle, the central controller can quickly and effectively obtain the ICR value of each small cell with the NAM, which demands less UE measurements and hence accelerate the small cell on/off switching operations.
V. CONCLUSIONS
Considering the power consumption of S-gNBs and the co-channel interference among the small cells in dense 5G HetNets, we propose an ICR based small cell on/off switching algorithm. The proposed algorithm designs and employs an innovative concept of ICR as a trigger parameter for small cell on/off switching. To decrease the total amount of UEs' measurements, the network adjacency matrix and an ICR calculation method are incorporated, where the ICR value of each small cell can be obtained in a simple and quick way. Aided by the network adjacency matrix, the decision on selecting suitable small cells for on/off switching is obtained via an iterative identification procedure. Compared with the conventional small cell on/off switching strategies, the proposed algorithm improves the power efficiency of S-gNBs and reduce the co-channel interference between small cells with lower traffic loss of the small cells. At the same time, the signaling information between the UEs and S-gNBs involved in the small cell switching mechanism is greatly reduced. These technical merits enable the proposed algorithm to serve as a practical candidate solution for powerefficient dense deployment of S-gNBs in 5G network.
